The c.1-34T>C 5' promoter region polymorphism in cytochrome P450c17 (CYP17), a key enzyme in the biosynthesis of estrogen, has been associated with breast cancer risk, but most previous studies have been relatively small.
Introduction
Estrogen is a central factor in the etiology of breast cancer [1] . One of the key enzymes in the synthesis of sex hormones, such as estrogens and androgens, is cytochrome P450c17 (CYP17). CYP17 catalyses the 17α-hydroxylation of pregnenolone and progesterone, and these intermediates are then converted to dehydroepiandosterone and androstenedione by the 17,20-lyase activity of the enzyme [2, 3] .
A single T (A1 allele) to C (A2 allele) base change in the 5' promoter region of CYP17 (c.1-34T>C) has been suggested to create an additional binding site for the transcription factor Sp1 [4] . This could theoretically lead to increased levels of the enzyme, but use of the extra binding site has not been confirmed experimentally [5] . Three groups have reported an association of the A2 allele with increased breast cancer risk [6] [7] [8] but others have failed to replicate those findings [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A recent meta-analysis of 15 case-control studies did not find any overall association [22] but this analysis was criticized by Feigelson and colleagues [23] , who found a borderline significant association between the CYP17 polymorphism and advanced breast cancer. CI = confidence interval; CYP17 = cytochrome P450c17; DASH = dynamic allele-specific hybridization; OR = odds ratio; PCR = polymerase chain reaction; RFLP = restriction fragment length polymorphism.
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In a population-based study about causes of postmenopausal breast cancer, which included 1,544 cases and 1,502 controls, we evaluated the association between CYP17 c.1-34T>C and breast cancer risk among Swedish women. We also explored potential interaction between genotype and menopausal hormone use and diabetes mellitus as well as age at menarche, age at menopause, age at first birth, parity and body mass index.
Materials and methods

Founding study
This nation-wide case-control study included all Swedish women, 50 to 74 years of age and resident in Sweden between October 1993 and March 1995. During that period, all incident cases of primary invasive breast cancer were identified at diagnosis through the six regional cancer registries in Sweden, to which reporting of all malignant tumors is mandatory. Controls that matched the cases in 5-year age strata were randomly selected from the Swedish Registry of Total Population. Of the eligible cases and controls, 3,345 (84%) and 3,454 (82%), respectively, participated in the study by providing detailed information via questionnaires about menopausal hormone use, reproductive history, and other lifestyle factors. Results from the founding study have been published [24] [25] [26] [27] [28] .
Collection of biological samples
Only postmenopausal women with a first primary breast cancer without any previous malignancy (except carcinoma in situ of the cervix or non-melanoma skin cancer) were eligible for the present study. Premenopausal women and those with a previous malignancy were excluded. From the eligible participants, we randomly selected 1,500 cases and 1,500 age-frequency (in 5-year groups) matched controls. We were interested in exploring the interaction between CYP17 c.1-34T>C and menopausal hormones and diabetes mellitus as both are breast cancer risk factors, possibly acting through increased levels of exogenous and endogenous estrogens, respectively. Thus, in order to increase statistical power in the subgroup analyses, we further selected all remaining eligible women (191 cases and 108 controls) that had used menopausal hormones (estrogen only or any combination of estrogen and progestin) for at least 4 years and all women (110 cases and 104 controls) with self-reported diabetes mellitus. In addition, 345 eligible controls from the founding study, originally selected for a parallel endometrial cancer study but who fulfilled the inclusion criteria to the breast cancer study, were added to our control sample. In total, we selected 1,801 cases and 2,057 controls.
Paraffin-embedded, non-cancerous tissue samples were collected for deceased breast cancer cases as well as for those breast cancer cases that declined to donate blood but consented to our use of the tissue. We obtained blood samples or archived tissue samples for 1,322 and 247 breast cancer patients, respectively, and blood samples from 1,524 controls. Population-based participation rates (taking into account those that did not participate in the founding study but could have been selected) for cases and controls were 73% and 61%, respectively. We isolated DNA from 3 ml of whole blood using a Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. From non-malignant cells in paraffin-embedded tissue, we extracted DNA using a standard phenol/chloroform/isoamyl alcohol protocol [29] . The study was approved by the five Swedish Institutional Review Boards and was performed in compliance with the Helsinki Declaration.
Genetic analyses
We used two methods for CYP17 c.1-34T>C (rs743572) genotyping: Multiplex fluorescent solid-phase minisequencing [30] ; and dynamic allele specific hybridization (DASH) [31] . Results from the two methods were validated with PCR-RFLP [32] . Twenty-four percent of the samples were analysed with both minisequencing and DASH, and the genotypes obtained were identical. Primer and probe sequences and PCR reaction conditions are given in Additional file 1. The PCR reactions were performed on a Perkin Elmer GeneAmp 9700 system (PerkinElmer Life And Analytical Sciences, Inc., Boston, MA, USA).
Statistical analyses
Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using conditional logistic regression models with the A1/A1 genotype as the reference group. We conditioned the models on age (due to matching) and on duration of menopausal hormone use and self-reported diabetes mellitus (due to our over-sampling scheme). The conditioning variables were thus age (5-year age groups), menopausal estrogen only use (never, <4 years or ≥4 years), menopausal estrogen and progestin use (never, <4 years or ≥4 years) and self-reported diabetes mellitus (yes or no). We chose to condition because in the presence of interaction between any of the selection variables and CYP17 genotype, estimates of the main effect of CYP17 could be biased. We did not expect confounding by other known breast cancer risk factors as they most likely would be intermediates between the genetic variant and breast cancer. We nevertheless included important breast cancer risk factors as co-variates in the models and assessed changes in the estimates of association between CYP17 genotype and breast cancer to investigate if there were any indications of such interrelations. Breast cancer risk factors other than menopausal hormone use that were analyzed for geneenvironment interaction were: Age at menarche (≤2 years, >12-14 years or >14 years) and age at menopause (<49 years, 49-52 years or >52 years) (where 1 st category included the 1 st quartile of the data, 2 nd category the 2 nd and 3 rd quartiles, and 3 rd category the 4 th quartile); age at first birth (≤24 years, 25-29 years or ≥30 years); parity (nulliparous, 1 child, 2 children or >2 children); and body mass index one year prior to diagnosis (<25, 25 to <28, or ≥28). The last three were categorized according to cut-offs that in previous studies have been shown to be informative with regard to the variables' influence on breast cancer risk. The likelihood ratio test and the Wald test statistic were used to test for interaction. We performed all analyses using the SAS system (release 8.01; SAS Institute Inc., Cary, NC, USA).
Results
We obtained CYP17 c.1-34T>C genotypes from 1,544 breast cancer cases and 1,502 controls. Among the controls, genotype frequencies were similar to previously published frequencies in Caucasian populations [5, [9] [10] [11] 20, 21] and did not deviate from Hardy-Weinberg Equilibrium (P = 0.927). Geno-type frequencies among the cases did not differ between blood and tissue samples (P = 0.697).
We reproduced previously established breast cancer risk factor associations in this study population [24, 25, 33] (Table 1 , first column). The one exception was age at menarche, which did not appear to be associated with overall breast cancer risk in this study [25] .
The CYP17 c.1-34T>C was not associated with other breast cancer risk factors among the randomly selected controls ( Table 2) .
We found no overall association between CYP17 c.1-34T>C and breast cancer risk, regardless of histopathology (Table 3 ). This negative result was not modified by menopausal hormone use or diabetes mellitus (Table 3 ). We also did not detect any 
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association when we considered stage 1 (n = 389) and stage 2 or more advanced (n = 591) breast cancers separately (data not shown). None of these findings were altered by restricting the sample set to the randomly selected cases and controls or by including other breast cancer risk factors as co-variates in the logistic regression models.
In exploratory analyses, the A2/A2 genotype, compared to A1/ A1, was associated with an increased breast cancer risk in women with age at menarche of 12 years or younger (OR 1.9, 95% CI 1.1-3.0; P for interaction = 0.026; Table 1 ). Furthermore, the A2 allele in carriers conferred a decreased risk in women with menopause before 49 years of age; OR 0.7 (95% CI 0.5-1.0) for heterozygotes and OR 0.7 (95% CI 0.4-1.1) for homozygotes) compared to A1/A1. There was, however, no dose-response pattern in these findings and we therefore regarded them as being due to chance. Age at first birth, parity or body mass index did not seem to modify the non-association between CYP17 c.1-34T>C genotype and breast cancer risk ( Table 1 ). All estimates remained unaffected after we restricted the analyses to the randomly selected cases and controls.
Discussion
CYP17 c.1-34T>C was not associated with breast cancer risk overall, a result that did not seem to be modified by menopausal hormone use or diabetes mellitus. Incidentally, we detected a statistically significant interaction between CYP17 c.1-34T>C and age at menarche but regarded the finding as a chance result as no dose-response pattern was evident.
Our population-based study is one of the largest published to date, investigating the possible influence of CYP17 variation on breast cancer risk. Retrieval of extensive information on reproductive and lifestyle factors enabled us to test for geneenvironment interactions. Misclassification of genotypes should be minimal as is indicated by the identical results from replicate genotyping with two different methods, all blinded to case-control status. Any genotype misclassification despite these measures is unlikely to have been differential and would consequently only bias our estimates towards the null.
Because pre-and postmenopausal breast cancer is conceived to have differing causal mechanisms, these two types of cancer are often investigated separately. We were interested in potential interaction between CYP17 genotype and menopausal hormone treatment, which motivated our restricting the study population to postmenopausal women. Although it would be interesting to know also if CYP17 genotype influences the risk of premenopausal breast cancer, had we included both pre-and postmenopausal women, the study size would have had to be increased to have the same power to address our main hypotheses. We were also interested in exploring the interaction with diabetes mellitus as insulin resistance can lead to increased levels of plasma insulin, lower levels of plasma sex hormone binding globulin and, consequently, increased levels of free estrogen [34] . We thus over- sampled menopausal hormone users and diabetics in the design phase of the study so as to increase statistical precision in subgroup analyses. We explored only the effect of CYP17 c.1-34T>C on breast cancer risk in this article, but 13 variants in 7 genes were genotyped in the current phase of the study. Results from three of the studied genes in relation to breast cancer risk have previously been published [35] [36] [37] .
The lack of association between CYP17 c.1-34T>C and overall breast cancer risk in our study is in line with results from 14 previous studies -where 10 included only Caucasian women -and a recent meta-analysis [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In contrast to Feigelson and colleagues [8] , we did not find any association between this polymorphism and advanced breast cancer. Two groups have reported an association between CYP17 genotype and breast cancer risk in postmenopausal women [6, 7] . All three studies were performed in non-Caucasian populations.
A possible mechanism for the CYP17 c.1-34T>C polymorphism to influence breast cancer risk is through increased biosynthesis of and, thereby, increased levels of circulating estrogen. Contrary to the predicted effect of the A2 allele, one group found decreased CYP17 mRNA levels in A2 carriers [38] . Studies regarding association of CYP17 c.1-34T>C and circulating hormone levels as well as markers of hormonal status (i.e. age at menarche or menopausal hormone use) have recently been reviewed [39] . Increased estradiol levels have been associated with the A2 allele in premenopausal women [6, 32] as well as in postmenopausal women [9, 40] , but three groups did not report any significant changes in hormone levels by genotype, two in postmenopausal women [17, 41] and one in premenopausal women [42] . Results from seven studies have indicated a moderate association between the A2 allele and earlier menarche [8, 11, 15, 18, [43] [44] [45] , an association that was not detected in our study, nor in five others [9, 12, 21, 46, 47] . Furthermore, previous investigators have posited that CYP17 genotype may be associated with use of menopausal hormones, an important risk factor for breast cancer, but results have been inconsistent [11, 12, 21, [48] [49] [50] . We found no such association in our data.
We identified an interaction with age at menarche, but considered it unlikely that the A2/A2 genotype would increase breast cancer risk in women with age at menarche less than 13 years without also moderately increasing risk in women with age at menarche between 12 and 14 years. Instead, the A2/A2 genotype decreased risk in the latter group, which is difficult to explain biologically. A similar pattern was seen for the interaction with age at menopause. To our knowledge, other groups have not reported comparable findings and we therefore believe the results to be caused by chance alone.
Conclusion
CYP17 c.1-34T>C does not appear to have any major influence on breast cancer risk. Despite this negative finding, it would be prudent to investigate common variants covering the entire CYP17 gene before concluding that this gene has no role in breast cancer etiology.
